ABSTRACT This paper presents design, implementation, and evaluation of a miniature rectenna for energy harvesting applications. The rectenna produces DC power from a distant microwave energy transmitter. The generated DC power is then utilized to operate a head-mountable deep brain stimulation device. The rectenna consists of a miniature three-layer planar inverted-F antenna and a Schottky-diode-based bridge rectifier. The antenna has a volume of π × 6 × 1.584 mm 3 , a resonance frequency of 915 MHz with a simulated bandwidth of 18 MHz (907-925 MHz), and a measured bandwidth of 18 MHz (910-928 MHz) at the return loss of −10 dB. A dielectric substrate of FR-4 of ε r = 4.5 and δ = 0.02 is used for simulation and fabrication of the antenna and the rectifier due to its low cost. An L-section impedance matching circuit is employed between the antenna and the rectifier to reduce the mismatch loss. The impedance matching circuit operates as a low-pass filter eliminating higher order harmonics. A deep brain stimulation device is successfully operated by the rectenna at a distance of 20 cm away from a microwave energy transmitter of power 26.77 dBm. The motivation of this paper includes creation of a deep brain stimulation device that operates indefinitely without a battery. From the application standpoint, the developed energy harvesting rectenna facilitates long-term deep brain stimulation of laboratory animals for preclinical research investigating neurological disorders.
I. INTRODUCTION
Deep brain stimulation (DBS) is an effective therapy for the treatment of neurological and psychiatric disorders [1] . In DBS research, animal studies are conducted to provide clinicians with evidence-based feedback for validating their hypothesis [2] . Different types of DBS devices are used for conducting experiments on laboratory animals. Majority of the current DBS devices utilise complex circuitry, and are therefore large in size. In recent years, a number of miniature head-mountable DBS devices have been reported in the literature [3] . However, the required continuous power for operating the devices is the limiting factor in practical use of the devices. It affects autonomy, weight and size of the devices. To address the associated restrictions, researchers have been developing methods to extract energy from external resources including thermal, pressure, light, motion and vibration, acoustic, and momentum [4] . In addition, power can be harvested from ambient electromagnetic (EM) sources including transmitters/receivers scatter into surroundings, and feeding microwave energy transmitters as dedicated sources. Roundy et al. [5] are among other researchers who reported the use of energy harvesting from ambient sources for powering sensor nodes.
Whilst ambient EM sources are desirable for energy harvesting, obtaining an adequate amount of energy from such sources is very challenging as the amplitude of the EM signals arriving at an energy harvester is considerably low, and the energy requirements for operating portable devices are usually high. Thus, in applications that require more energy and have dimensions restriction, a dedicated transmitter (e.g. feeding source) can be used as an energy source [6] , [7] . A feeding source transmits energy from one place to another via radio frequency (RF) waves. The transferring of energy through air is referred to as wireless power transmission or RF power transmission, and has become a popular approach for supplying energy to devices.
The overall performance of a wireless power transmission system significantly depends on the efficiency of the energy harvester [8] .
In a wireless power transmission system, the transmitted energy can be scavenged by a rectenna system which consists of two main modules: an antenna and a rectifier. In the receiving side of the energy harvesting process, the RF waves are captured by the antenna which is the key part of the rectenna. The receiving antenna produces an AC signal at its output from the captured microwave radiation. Then, the rectifier converts the received AC signal to DC power. The DC power is then stored in a super-capacitor, used to charge a battery, or directed to the load [6] , [9] . In the rectenna design for power harvesting from a feeding source, the transmitting antenna is usually predefined; therefore, the receiving antenna should be modified so that it becomes compatible to the transmitting antenna. Moreover, an efficient compact rectifier needs to be designed for high performance energy reception.
A number of rectenna circuits with different configurations for various applications have been reported in the literature [10] . Intensive research has been directed towards rectenna circuit development to gain high performance and compact size. Among the existing rectenna circuits, significant factors including high conversion efficiency [11] , low profile configuration [12] , circular polarization [13] , dual frequency operation [14] , array configuration [13] , and wide bandwidth operation [15] have been investigated. The efficiency of a rectifier increases significantly with the increment of power density [16] , use of rectenna array configuration [13] , and multi band operation [17] . However, the array configuration and the dual band operation will increase the size of the rectenna, hence making it unsuitable for some medical applications.
Recently, many researchers have focused on wireless energy harvesting in wearable or implantable medical devices. Most of the researchers have employed CMOS rectifiers. For instance, a 0.18 µm CMOS module for power management in ultra-low-power medical devices was proposed by Kuan-Yu et al. [18] . This energy scavenging device was operated by dual sources including a solar and an RF power scavengers, and used a multi-stage Dickson charge pump. In another study, Ghovanloo and Najafi [19] proposed a fully-integrated passive rectifier implemented in BiCMOS for inductively harvesting power for operating biomedical implants. They used CMOS based multipliers to form high output voltage for low level input power. However, the fabrication process of CMOS/BiCMOS based rectifiers is complex and expensive, and their conversion efficiency is lower than that of diode based rectifiers at moderate input power levels. A Schottky diode based rectifier is a simple and inexpensive solution for energy harvesting. However, very limited works on Schottky diode based rectennas for medical applications have been reported in the literature, see [6] , [20] , [21] , where none is related to energy harvesting in head-mountable DBS devices. Therefore, we have focused on a Schottky diode based rectenna for powering a head-mountable DBS device for use with laboratory rats. This letter presents a compact rectenna operating by 915 MHz incident microwave emitted from a dedicated far-field transmitter.
The compact rectenna enables energy harvesting in the DBS device making the device battery-less. The battery-less DBS device can be thus employed in long-term preclinical studies on laboratory animals. Such studies are important as they can reveal the fundamental principles of DBS and the mechanisms for its therapeutic effects. To improve the quality of the preclinical studies, laboratory animals need to be able to move freely, sleep, eat, swim in water, and carry out other daily activities which can be supported by a batteryless miniature DBS device. Moreover, the compact rectenna can be used to replace the battery in other medical and non-medical devices.
The paper is organized as follows. Section II describes the existing wireless energy transmission methods. Section III explains the RF energy harvesting approach. Section IV presents the proposed battery-less head-mountable DBS device. Section V gives the antenna design, fabrication, and associated analysis results. Section VI provides the rectifier design, fabrication, and associated analysis results. Section VII discusses the performance of the rectenna. Section VIII describes the battery-less operation of the DBS device. Finally, Section IX gives the concluding remarks.
II. WIRELESS ENERGY TRANSMISSION
The transmission of microwave power through free space was successfully accomplished in 1950s following the development of microwave tubes, and the ability to focus electromagnetic waves into a beam [22] , [23] . The first rectenna for efficient reception and rectification of microwave power was developed in the early 1960s by Raytheon [24] . Then, Brown developed a rectenna in 1963, at an operating frequency of 2-3 GHz. Brown and his team continued their work to further improve microwave power transmission [22] , [23] . The invention of semiconductor diodes by Sabbuagh and George for rectification was a significant development towards rectenna design [22] . The performance of the rectenna was enhanced by the innovation of Schottky barrier diodes. In 1970, NASA used a rectenna in its solar power satellite (SPS) project. In this project, NASA built a large rectenna with dipole antennas to gather the solar energy relayed by satellites in space as RF wave energy [22] . The use of semiconductor devices instead of microwave tubes for wireless power transmission was increased after 1980s. The semiconductor based amplifiers and fast switching Schottky diodes contributed to the progress of microwave power transmission [25] . Moreover, to increase the performance of rectennas, researchers concentrated on array design. In 1999, Youn et al. [26] developed a rectenna array for wireless power transmission. The developed rectenna array had a maximum conversion efficiency of 75.6%, and the overall system efficiency was 33%.
The development of wireless power harvesting by using rectennas has progressed considerably over the past few years because of the recent technological developments. Nowadays, rectennas are being employed for different applications. For example, RFID technology utilises wireless power transmission, where a passive RFID tag operates by using the power harvested from the incident RF waves transmitted by an RFID reader [27] . RF energy harvesting can also produce adequate electrical power to drive wireless sensor nodes [28] . Moreover, the RF energy harvesting scheme by conductive pipes that radiate RF waves was employed for down-hole telemetry systems for monitoring level of underground water and fossil fuel sources [29] .
In recent years, researchers have focused on wireless energy harvesting in implantable medical devices. The most significant limitation of such wireless power recovering devices is their low power transfer efficiency and large size. Hu et al. [30] proposed an implantable power recovery module, which can harvest power from inductive RF telemetry, and is dedicated to cortical or nerve stimulation applications. The device attained a power conversion efficiency of 74.5% at frequency of 100 kHz. This device provided 5 mA load current with dual regulated output voltages of 3.3 V/1.8 V to implantable circuitry. Moreover, the output DC voltage could be further increased by a DC/DC converter if the required load current was less [30] . In another study, a power scavenging and management system for ultra-low-power medical applications was proposed by Kuan-Yu et al. [18] . The dual sources include solar and RF power scavenger, operated at 900 MHz and used a multistage Dickson charge pump with a single clock input for RF signal rectification. This scavenger was capable of providing 30 µW output power and 2 V DC voltage at −5 dBm RF signal.
III. RF ENERGY HARVESTING TECHNOLOGY
Radio frequency energy can be harvested either from ambient sources in the environment or from feeding sources, which are used for energy generation and wireless transmission. The advantages of using RF energy are that the energy is clean, non-depletable, and low cost. Unlike other alternative energy sources including solar, thermal, and wind, RF sources can deliver continuous energy and are not significantly hindered by bad weather conditions, time of the day, geographical aspects of the region, and indoor use [7] . The power that RF transmitters scatter into the environment can be considered as ambient sources of energy harvesting [6] , [31] . Although the ambient RF energy available in the environment is a good source of energy for harvesting, obtaining a good amount of energy from ambient sources is challenging as the strength of RF waves arriving at the rectenna system is considerably low, and the energy requirements for operating medical devices are usually high. Thus, in applications that require more energy and have size restriction, a dedicated RF transmitter can be used as the energy source [6] , [7] . The source transmitting RF energy in the far field can be used for powering any small-scale passive device including a DBS device. In some cases, the reliability of the power harvesting technique can be further increased by combining two power scavengers [32] . The combined scavenger is preferable if the application has no size limitation. Two scavengers may harvest energy from two different sources in which one could be a feeding source, and another could be an ambient source.
The RF energy from a dedicated source propagates from one point to another wirelessly, as waves through the air, and does not require any physical medium such as a transmission line. However, two types of RF energy transmission techniques such as inductive coupling and far field coupling are currently used to power remote devices [33] . In shortrange communications between a transmitter and a receiver, inductive coupling may be used for powering the device. Conversely, the far field coupling uses RF waves from an antenna in the far field region to power the passive device. In this approach, an on-chip antenna or an external antenna is used for capturing the radiated power [34] . In this research, to increase the distance between the energy transmitter and receiver, far field coupling energy transmission is used. Figure 1 shows the basic principle of an RF energy harvesting system. On the receiving side of the energy harvesting process, the RF waves are captured by an antenna, which is the key part of the rectenna. The receiving antenna produces AC signals on its output terminal. Then, the rectifier converts the received AC signal to DC power. The DC power is then either stored in a super-capacitor, or used to directly power the load [6] , [35] . The performance of an RF energy harvesting system significantly depends on the rectenna's efficiency. Figure 2 shows a typical rectenna, which consists of five components: a receiving antenna, an input filter, a rectifier, a DC filter, and a load. The first component of the rectenna is generally a high performance antenna, which receives incident waves. The input filter is usually made by an L-network, which performs not only impedance matching but FIGURE 2. Five components of a rectenna. VOLUME 3, 2015 also frequency filtering, and harmonics rejection. The third major component is the rectifier, consisting of either a single diode or multiple diodes. The rectifier configuration is chosen according to the output voltage requirements and available input power. The fourth component, DC filter, is mostly a decoupling capacitor to eliminate unwanted voltage transient or ripple after the rectification. The final component is the load. The load can be a super-capacitor, a battery or an electronic circuit, which is driven by the generated DC power [7] .
RF energy harvesting has some advantages and disadvantages, which are summarised in the following. The advantages are as follows [36] : (i) the input power at the rectenna terminal is controllable and predictable, (ii) the system does not contain any moving parts, and (iii) power can be harvested over distance. In contrast, the disadvantages of RF energy harvesting are as follows [36] : (i) it may require a dedicated source as ambient energy level is very low, (ii) free space path loss is high, as field strength drops off abruptly with distance, and the loss is a function of frequency, (iii) efficient scavenging of energy is challenging with a small rectenna device because the efficiency depends on the size of the antenna, (iv) since EM radiation has an adverse effect on biological tissue, the amount of transmitted power is limited by the regulatory authority [37] .
IV. BATTERY-LESS HEAD-MOUNTABLE DBS DEVICE
A depiction of the proposed approach for RF energy harvesting in a passive head-mountable DBS device for preclinical studies on laboratory rats is shown in Figure 3 . It consists of an RF energy transmitter, a rectenna, a stimulator, and a rat model. In DBS studies, devices are used to carry out experiments on laboratory rats before clinical trials on humans. A laboratory rat is considered because of its availability, similarity with humans in terms of brain neurons, and the ability to be modelled for different neurological diseases. The feeding RF source transmits energy in the far field region. The rectenna consists of a rectifier circuit and an antenna. The antenna receives the far field RF waves from the external RF source, whereas the rectifier converts the received RF waves to DC output power to operate the DBS device. This work focuses on an optimum rectenna design and the evaluation of the performance of the rectenna in a DBS device with a rat model. The design and optimization of the rectenna involve two parts including the design of the antenna and the rectifier. The challenge for the antenna design includes making the antenna small in size. This challenge can be tackled by using the planar inverted-F antenna (PIFA) type, meandering technique, and multi-layer structure for the antenna. The challenge for the rectifier design includes selection of the diode, rectifier configuration, impedance matching circuit, input power and load resistance.
V. ANTENNA DESIGN, FABRICATION AND ANALYSIS A. ANTENNA DESIGN
A three-layer stacked PIFA is designed and optimized using the EM simulation software XFdtd. Figure 4(a) shows the structure of the circular PIFA whose volume is π × 6.0 2 × 1.584 mm 3 . The layer structure of the circular antenna is presented in Figure 4 (b). The bottom layer serves as the ground plane whilst the other two vertically arranged layers (layer-2 and layer-3) operate as radiating patches. The radius of the layers is 6.0 mm. The radiating patches are incorporated on a 0.765 mm dielectric substrate FR-4 of ε r = 4.5 and δ = 0.02. The radiator layer-2 is fed by a 50 coaxial probe whose radius is 0.5 mm. The ground plane is connected to layer-2 via a shorting pin of 0.4 mm radius which lowers the resonance length [38] of the PIFA. The radiator layer-2 is connected to the radiator layer-3 by a layer connector of 0.4 mm radius. Five meanders are utilized in each radiator layer. The width of each meander is 0.8 mm and the width of the metal between the two meanders is 1.0 mm. Layer-3 is an 180 • shifted version of layer-2. The center of the PIFAs' ground plane is assumed to be the origin of the coordinate system. Due to the flexibility in design, conformability, and shape, the microstrip design methodology is employed. To rise the length of current flow path and reduce the size of the antenna, the stack and the meandering approaches are used [39] . The circular shape of the PIFA makes it appropriate for utilization in our DBS device. The PIFA design offers significant miniaturization comparing with the current PIFA antennas operating in the ISM band. The cost and availability of the materials have been considered in the antenna design [40] , [41] . 
B. ANTENNA FABRICATION
The fabrication of the three-layer PIFA involved the milling of each copper clad printed circuit board (PCB) separately. The material of the PCB board was FR-4 and the thickness of the board excluding copper was 0.765 mm. The first substrate was a double sided PCB board accommodating a ground layer on one side, and layer-2 on the other side as isolated by cladded copper. The second substrate was single sided PCB which was milled to accommodate layer-3 of the antenna. The fabricated boards have the holes where feed, shorting pin, and layer connector is placed. The location of these holes are important in order to maintain the antenna performance. The drilling of the holes by the milling machine ensures the accuracy of the design. The extension of the straight jack SMA connector was used as a feed pin which connected the layer-2 conductor of the antenna through the drilled hole. The body of the SMA connector was soldered to the ground plane of the antenna. The shorting pin was created from a copper wire with a diameter of 0.8 mm, and then used to connect the layer-2 conductor to the ground conductor via the drilled hole. Layer-3 was then stacked on layer-2. A thin copper wire with a diameter of 0.8 mm was inserted into the hole for layer connector, and soldered to their respective surfaces to make the layer-2 and layer-3 conductors-tracks short. Each pin was cautiously cut to have a length equal to the thickness of the substrate because the excessive length may cause radiation and ought to create air gap between two substrates. While the substrates were stacked together, they are compressed to minimize air gap in between the layers. The epoxy resin was then applied at the edge of the substrates to ensure rigidity. Figure 5 shows the fabricated antenna. 
C. ANTENNA PERFORMANCE
The designed antenna is simulated using the EM simulation software XFdtd to devise its parameters. The return loss response and the input impedance of the antenna is also FIGURE 6. Simulated and measured return loss response of the three-layer PIFA in free space. measured using a vector network analyser. Figure 6 shows the simulated and measured frequency response of return loss (S 11 ) of the proposed PIFA. The resonance frequency of the designed PIFA is 915 MHz which is within the ISM frequency band. The simulated input impedance of the proposed antenna is attained as Z i = 57.37 − j1.28 at 915 MHz. It can be observed that the antenna is capacitive at the operating frequency band. The minimum measured reflection coefficient at 915 MHz is −14.92 dBi and the measured input impedance also reveals the capacitive nature of the antenna. The simulated bandwidth of 18 MHz (907 -925 MHz) and the measured bandwidth of 18 MHz (910 -928 MHz) at a return loss of −10 dB are obtained. Thus, a good agreement between the simulated and the measured results have been achieved. The 2D far field gain pattern of the proposed antenna in free space is shown in Figure 7 . The maximum gain value of −20.20 dBi is recorded. The simulated radiation efficiency of the proposed PIFA is found to be 12.32% at 915 MHz. The antenna is also simulated with a rat head model to get the functional effect of the head model on the antenna. The antenna parameters including input impedance, resonance frequency, and gain are not significantly different with the rat model. The input impedance and resonance frequency with a rat phantom are also measured and verified. 
VI. RECTIFIER DESIGN, FABRICATION AND ANALYSIS
The bridge rectifier topology which is widely used in low frequency rectification is shown in Figure 8(a) . In the bridge circuit, a full wave rectification scheme is utilized. In a full-wave rectifier, the entire incident wave restores at load, whereas for a half-wave rectifier, the load becomes disconnected from the source for half of the time [6] . The rectifier is designed based on the theory described in the literature [6] . In the rectifier design process, the dualseries-diodes configuration of HSMS-285C in a SOT-323 package is considered. The employed diodes have parasitic series resistance of 25 , low Schottky junction capacitance of approximately 0.18 pF, breakdown voltage of 3.8 V, minimum forward voltage of 150 mV, maximum reverse leakage current of 150 µA, saturation current of 3 µA, and high detection sensitivity of up to 50 mV/µW. In the designed rectifiers, an L-matching circuit is used for matching the rectifier input impedance with a 50 feed line impedance. Since the rectifier components determine the output voltage ripple and diode peak current, optimum components are selected through simulations. To evaluate the rectifiers' performances, the designed rectifiers are then simulated using the harmonic balance nonlinear circuit simulation, planar EM simulation (momentum), and co-simulation in momentum techniques of Genesys. The simulations are conducted at the operating frequency of 915 MHz. During the simulation process, a dielectric substrate of FR-4 with thickness of 1.5 mm, and SMD components with parameters values from their datasheets are used. The PSpice model of HSMS-285 Schottky diode is employed from Genesys library, which reveals similar diode characteristics as Avogo HSMS-285× Schottky diode. The quality factors of the capacitors and inductors, and DC resistances of the inductors at 915 MHz were considered. In the simulation, microstrip lines are used to connect the lumped SMD components. The resistance, capacitance, and inductance of the connecting microstrip lines are reflected during the determination of the impedance and the performance parameters of the rectifier. Moreover, in the momentum and co-simulation technique, the effects from the components pads and their size are accounted for to achieve results that are close to those of the fabricated rectifiers. In the simulation, the tuning and optimization of the matching components are carried out to attain a good reflection coefficient at the interface with the antenna for the specified input frequency and power. The simulated results give an idea about the operation and performance of the rectifiers. The simulated rectifiers are then fabricated and evaluated.
The fabrication of the rectifier was accomplished by etching copper from the PCB using a T-Tech milling machine and soldering the surface mount devices. The fabrication of the rectifier was initiated by exporting the layout generated and optimized in Genesys. The exported Garber files were then imported into the Milling machine interfacing IsoPro software. A double sided PCB was used to mill the designed layout through the milling machine. The double sided PCB board accommodates copper of 1/2 oz on both sides of the substrate to make the total thickness of 1.5 mm. The dielectric substrate of the board was FR-4 with ε r = 4.5 and δ = 0.02. The milling machine was also used for drilling the holes for vias connecting top metallic strip with the ground plane. After milling the board, copper wire with diameter of 1mm was used to connect the top metallic conductor with the ground conductor via the drilled hole. The SMD components including Schottky diodes, capacitors, inductor, and resistor were then soldered on the PCB board. During the soldering process, a SMA connector with the type of straight jack and end launch was soldered to the input of the rectifier for the purpose of rectifier parameter measurement. The feeding pin of the SMA connector was attached to the positive terminal of the rectifier, and the ground pin of the SMA connecter was used to connect to the bottom ground plane of the board.
The fabricated L-matched bridge rectifier using the optimized values of the lumped circuit components that are connected via the microstrip lines is shown in Figure 8(b) . The first order L-matching circuit also works as a low pass filter to allow the desired frequency signal into the diode, and prevent harmonic signal components. The simulated and measured return loss responses of the bridge rectifier are illustrated in Figure 9 . The rectifier resonates at the 915 MHz ISM band for a 50 input source. However, the reflection coefficient is measured for the specific input power of −5 dBm and load resistance of 13 k . It is observed that the reflection coefficient changed slightly with the change of load and varied reasonably with the variation of the input power. The input impedance of the circuit is 52.4 − j 12.1 at 915 MHz for the input power level of −5 dBm. The total dimension of the fabricated bridge rectifier is 13.5 mm ×8.5 mm ×1.5 mm, and its weight is 0.50 g.
To characterise the rectifier performance, a FieldFox N9923A VNA is used as a signal generator. The source power is fixed by the VNA output power setting. The DC output voltage is measured using a digital multimeter. Then, the effective efficiency of the rectifier is calculated for various load resistances. The effective efficiency of the rectifier by considering power reflection at the interface can be written as [42] :
where P DC and V DC are the DC output power and the DC voltage across the load resistance R L , respectively, and P in is the actual input power to the rectifier. The actual input P in received by the rectifier is calculated by subtracting the reflected power P r at rectifier and source terminal from the source power P s . Figure 10 (a) shows the efficiency of the bridge rectifier circuit with respect to the load resistance for the input powers of −5 dBm and 5 dBm. At the −5 dBm input power, the efficiency reached the maximum value of 66.83% for the load resistance of 5 k . The efficiency at 13 k load is 54%, and the output voltage is 1.57 V which is 80.51% of the voltage, 1.95 V at a 100 k load. The maximum efficiency at the 5 dBm input power is 61.53% for a 5 k load. The output voltage at the 5 dBm input power is 4.38 V for a 13 k load whereas the output voltage is 4.68 V for a 100 k load. Figure 10 (b) presents the variation of the bridge rectifier efficiency and output voltage with respect to the input power for the load resistance of 13 k . This load resistance is used because our DBS stimulator has input impedance of 13 k . It is clear from the figure that the conversion efficiency is very small at the input power of −25 dBm or lower. The RF to DC conversion efficiency goes up with the increase of the input power level until certain level. The maximum efficiency of 54% of the bridge rectifier is reached at the −5 dBm input power, and it is then decreased slowly at the higher power. In order to assess the performance of the selected rectifier, we compared the rectifier parameters with those of previously reported rectifiers. The performance of the proposed rectifier against the existing rectifiers is shown in Table 1 .
VII. RECTENNA PERFORMANCE
The three-layer circular PIFA and the developed bridge rectifier are connected together to form a rectenna. The antenna in the rectenna converts the incident waves to an AC signal whereas the bridge rectifier converts the captured AC signal to DC power. Figure 11 shows a photograph of the developed rectenna. To determine the rectenna performance in the vicinity of a rat, a rat phantom is prepared. The phantom is made of plastic with a hollow inside filled by simulation fluid. Although the rat body consists of a complex anatomy with organs and tissues of subjective shape and frequency dependent dielectric properties, we have developed the phantom with liquid that is representative of a homogeneous rat head. The tissue emulation liquid was produced according to the FCC OET65 supplement C [48] . The recipe of the liquid at 915 MHz was 533.65 g of deionized water, 17.55 g of sodium chloride, 734.5 g of sucrose, and 14.3 g of Preventol D-7. The recipe had dielectric constant (ε r ) of 42.0 and conductivity (σ ) of 1.0 s/m at room temperature for frequency of 915 MHz [48] .
To determine the available power at the rectenna terminal, the link budget is calculated. To calculate the link budget, it is necessary to know the parameters related to the link. The key parameters are as follows: the operating frequency is 915 MHz, the EIRP of the microwave transmitting antenna is 34.77 dBm, and the distance between the transmitting and the receiving antennas is 20 cm. Table 2 presents the parameters involved in the calculation, and the values of the received power P r . The amount of power received by the receiving PIFA (assuming that the antennas have polarization match) is estimated as [49] , [50] :
where the free space path loss is calculated as: Figure 12 gives the experimental setup for evaluating the performance of the rectenna with the rat phantom. The rectenna is placed on the head of the rat phantom and a standard powercast microwave energy transmitter operating at 915 MHz is used as an energy source. The collimated wave energy transmitter has maximum EIRP of 34.77 dBm. The dimension of the powercast energy harvesting transmitter is 17.1 cm × 15.9 cm × 4.1 cm. The energy transmitter has an integrated antenna of gain 8 dBi, and beam pattern of 60 • . During this experiment, the rectenna is located within the 60 • beam pattern of the transmitting antenna. Since the energy transmitter used in our experiment is fixed, the load resistance and distance between the transmitter and the rectenna are varied to determine its performance. A potentiometer with the range of 100 k connected across the output capacitor of the rectenna is used as a load. To measure the output DC voltage, a digital multimeter is connected across the load resistance. The output power and the efficiency of the rectenna is calculated from the measured voltages and load resistance values. Figure 13 gives the measured output DC voltage, and the efficiency of the proposed rectenna at 915 MHz versus the load resistance in k when the separation between two antennas was 20 cm. The figure indicates that the output DC voltage increases when the load resistance increases. The increasing rate of the output voltage was higher at lower values of the load resistance than the higher values of the load resistance. For instance, the recorded output DC voltage at the load resistance of 13 k is 1.81 V which is 82.27 % of the DC output voltage recorded at the load resistance of 60 k . Although the output voltage increases with the increment of the load resistance, the rectenna conversion efficiency declines. The obtained output DC power at 13 k was 0.254 mW, and the load current was 0.140 mA while the separation between the two antennas was 20 cm. At this distance, the rectenna received the AC power of 0.479 mW. Hence, the RF to DC conversion efficiency of the rectenna at the separation of 20 cm was 53%. The calculation considers the mismatch loss of 0.063 dB between the receiving antenna and the rectifier. This conversion efficiency is not maximum at this power level. Figure 13 shows that the maximum conversion efficiency is achieved at the load resistance of 5 k . Moreover, Figure 10 (a) illustrates that the rectifier reached its maximum conversion efficiency for the received power of −5 dBm. Thus, there is a good agreement between the conversion efficiency of the rectenna and rectifier at specified power level and the load resistance.
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The power received by the rectenna is a function of separation between the two antennas as illustrated in the link budget calculation. Moreover, the output power or DC voltage, and the conversion efficiency of the rectifier is a function of the input power and load resistance. Thus, the separation between the rectenna and the transmitter was varied to determine the rectenna's performance for different input power levels. Figure 14 shows the output DC voltage of the rectenna versus the separation between the energy transmitting antenna and the antenna of the rectenna circuit. In this evaluation process, the load resistance of the rectenna was fixed to 13 k . It is clear from Figure 14 that the output DC voltage decreases with increasing the separation between the two antennas since the path loss increases with the increment of distance. The maximum output DC voltage of 6.38 V was obtained in separation of 5 cm at 13 k load resistance. The required voltage and current for our employed DBS device of 1.8 V were recorded at separation of 20 cm between the two antennas. 
VIII. BATTERY-LESS OPERATION OF THE STIMULATOR
A low power portable DBS device, which has been developed by our research group [3] , is employed to evaluate the developed rectenna. The device can be carried by the laboratory rat during the course of a pre-clinical trial. Figure 15 shows a single piece head-mountable version of the DBS device which generates continuous monophasic current pulses. According to the pre-clinical research requirements, the duration of the cathodic pulse is set to 90 us, the frequency of stimulation is set to 130 Hz, and the amplitude of current pulses is set to 200 µA. The device consists of a printed circuit board, a microcontroller, a current source chip, a stimulation electrode, and a power source. The stimulation electrode injects charges into the target tissue. All of the components of the micro DBS device were accommodated on the PCB made of a FR-4 substrate. The board includes a two pin terminal for connection to the positive and negative sides of the power supply, and another two pin terminal for connection to the implantable electrode [3] . For the operation of the device using a rectenna, the power terminal of the device is connected to the output terminal of the rectenna. The experimental setup for the head-mountable DBS device powered by the energy harvested from a powercast RF transmitter is presented in Figure 16 (a). This benchtop test was performed in our laboratory. The DBS device and the rectenna were connected together and placed on the head of the rat phantom. Thus, the complete prototype passive DBS device comprises three separate PCB boards including antenna, rectifier circuit, and pulse generator circuit. The powercast microwave energy transmitter was positioned in such a way that the rectenna remains in 60 • beam direction of the transmitter. The output waveform of the rectenna based DBS device was monitored using a digital storage oscilloscope connected across a 1 k load resistance that modelled the brain tissue [51] . The separation between the energy transmitter and the rectenna was varied so that the stimulator gets sufficient power to generate desired current pulses. The DBS device successfully produced continuous monophasic current pulses when the maximum separation between the energy transmitter and the rectenna was 20 cm and the rectenna was in 60 • beam direction of the transmitter. The generated stimulating waveform of the passive DBS device is shown in Figure 16 (b). The duration of the generated cathodic pulse was 90 µs, the frequency of stimulation was 130 Hz, and the amplitude of current pulses was 200 µA. These parameters of the stimulating signal were defined during the design of the DBS device. Since the DBS device uses a microcontroller, 
IX. CONCLUSION
A compact rectenna comprising a three-layer PIFA and a Schottky diode based bridge rectifier was developed and tested. The rectenna harvested power from a dedicated microwave source to operate a passive head-mountable DBS device. In the rectenna circuit, the antenna has the measured bandwidth of 18 MHz (910 -928 MHz) at a return loss of −10 dB, and the maximum simulated antenna gain was −20.20 dBi with a rat model. The proposed rectenna circuit produced the DC output power of 0.254 mW at 20 cm separation between the transmitting and the receiving antennas for a load resistance of 13 k . The DC power produced by the rectenna was used to drive a stimulator. The experimental results showed that the developed rectenna successfully operated the stimulator with a rat phantom when the energy transmitter was 20 cm away from the rectenna. The distance between the energy transmitter and the rectenna could be increased further by improving the gain of the receiving antenna, and increasing the transmitted power from the microwave transmitter. An advantage that the rectanna provides is the ability of the DBS device to operate without a battery indefinitely. Accordingly, the battery-less operation would help reduce the complexitiy and the cost of long-term DBS operation by eliminating the need for the use of a battery and its frequent replacement. Accordingly, the technology can help patients having neurological and psychiatric disorders by removing the need for surgery to replace the battery on-board of their DBS devices.
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